Viruses must evade the host innate defenses for replication and dengue is no exception. During secondary infection with a heterologous dengue virus (DENV) serotype, DENV is opsonized with sub-or nonneutralizing antibodies that enhance infection of monocytes, macrophages, and dendritic cells via the Fc-gamma receptor (FcγR), a process termed antibody-dependent enhancement of DENV infection. However, this enhancement of DENV infection is curious as cross-linking of activating FcγRs signals an early antiviral response by inducing the type-I IFN-stimulated genes (ISGs). Entry through activating FcγR would thus place DENV in an intracellular environment unfavorable for enhanced replication. Here we demonstrate that, to escape this antiviral response, antibody-opsonized DENV coligates leukocyte Ig-like receptor-B1 (LILRB1) to inhibit FcγR signaling for ISG expression. This immunoreceptor tyrosine-based inhibition motif-bearing receptor recruits Src homology phosphatase-1 to dephosphorylate spleen tyrosine kinase (Syk). As Syk is a key intermediate of FcγR signaling, LILRB1 coligation resulted in reduced ISG expression for enhanced DENV replication. Our findings suggest a unique mechanism for DENV to evade an early antiviral response for enhanced infection.
Viruses must evade the host innate defenses for replication and dengue is no exception. During secondary infection with a heterologous dengue virus (DENV) serotype, DENV is opsonized with sub-or nonneutralizing antibodies that enhance infection of monocytes, macrophages, and dendritic cells via the Fc-gamma receptor (FcγR), a process termed antibody-dependent enhancement of DENV infection. However, this enhancement of DENV infection is curious as cross-linking of activating FcγRs signals an early antiviral response by inducing the type-I IFN-stimulated genes (ISGs). Entry through activating FcγR would thus place DENV in an intracellular environment unfavorable for enhanced replication. Here we demonstrate that, to escape this antiviral response, antibody-opsonized DENV coligates leukocyte Ig-like receptor-B1 (LILRB1) to inhibit FcγR signaling for ISG expression. This immunoreceptor tyrosine-based inhibition motif-bearing receptor recruits Src homology phosphatase-1 to dephosphorylate spleen tyrosine kinase (Syk). As Syk is a key intermediate of FcγR signaling, LILRB1 coligation resulted in reduced ISG expression for enhanced DENV replication. Our findings suggest a unique mechanism for DENV to evade an early antiviral response for enhanced infection.
early innate immune response | innate immune signaling | immune evasion D espite long-lived serotype-specific immunity upon initial infection, predicted global prevalence of dengue now surpasses World Health Organization estimates by more than threefold with 390 million cases annually (1) . Furthermore, the risk of severe disease is augmented by cross-reactive or subneutralizing levels of antibody (2, 3) , which opsonize dengue virus (DENV) to ligate Fc-gamma receptor (FcγR) for entry into monocytes, macrophages, and dendritic cells, a phenomenon known as antibody-dependent enhancement (ADE) of DENV infection (4, 5) . The resultant greater viral burden leads to increased systemic inflammation that precipitates plasma leakage, a hallmark of dengue hemorrhagic fever (6) . However, ligation of the activating FcγRs by immune complexes has been shown to induce type-I IFN stimulated genes (ISGs), independent of autocrine or paracrine IFN activity, unless the inhibitory FcγRIIB is coligated (7). We and others reported recently that coligation of FcγRIIB by DENV immune complexes requires high antibody concentration, and such coligation inhibited the entry of DENV immune complexes into monocytes (8, 9) . At low antibody concentrations where ADE occurs, the inhibitory FcγRIIB is not coligated (9) . Ligation of the activating FcγRs by DENV opsonized with subneutralizing levels of antibody would thus induce the expression of ISGs and hinder DENV replication (10) . Here, we demonstrate that DENV employs a unique evasive mechanism by coligating LILRB1 to down-regulate the early antiviral responses triggered by activating FcγRs for ADE.
Results
ADE Differs in THP-1 Subclones. Our work was enabled by the isolation of subclones of THP-1 cells with different phenotypes to ADE. The low rate of FcγR-mediated phagocytosis in THP-1 cells (∼5%) (9) had led us to reason that this cell line is genetically heterogeneous, either through the method in which it was derived (11) or through genetic instability resulting from aneuploidy (12) . Screening of our newly isolated subclones with DiD (1, 1'-dioctadecyl-3, 3, 3′, 3′ -tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt) labeled DENV-2 alone or opsonized with subneutralizing concentrations of humanized 3H5 monoclonal antibody (h3H5) identified two clones (labeled as THP-1.2R and THP-1.2S) that showed increased uptake of DENV immune complexes compared with parental THP-1 (Fig.  1A) . Monocyte surface marker analysis indicated no significant difference in the expression of FcγRs (FcγRI, FcγRII, FcγRIII) in these subclones (SI Appendix, Fig. S1A ). Expression of FcγRIIA,
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FcγRIIB, and FcγRIIC were similar in these subclones (SI Appendix, Fig. S1 B and C). Both subclones were also heterozygous for 131 H/R FcγRIIA polymorphism (SI Appendix, Fig. S1E ). Identical HLA haplotyping confirmed that both subclones were derived from THP-1 and not the result of a contamination with another cell line (SI Appendix, Table S1 ).
Despite no significant differences in uptake and production of plaque titers when infected with DENV-2 only, infection under ADE conditions resulted in significantly different DENV-2 titers in THP-1.2R and THP-1.2S (Fig. 1B) . Similar observations were also made with enhancing titers of convalescent serum (SI Appendix, Fig. S2A ) or other DENV serotypes (SI Appendix, Fig.  S2B ). Furthermore, early DENV RNA replication diverged in these two subclones, where a significant difference was observed as early as 6 h postinfection (Fig. 1C) . Analysis of early gene expression indicated significant up-regulation of ISGs in THP-1.2R but not THP-1.2S ( Fig. 1 D and F-I ). These included MX1, MX2, and viperin, which are potent inhibitors of DENV replication (10) . The up-regulation of ISGs in THP-1.2R, however, was not due to h3H5 (SI Appendix, Fig. S3 ) and is independent of IFN-α, -β, and -γ signaling as both subclones expressed similar IFN transcript levels (Fig. 1E ). As expected, addition of antibodies that blocked IFNα receptor (IFNαR) signaling (SI Appendix, Fig.  S4A ) did not reduce this early ISG induction in THP-1.2R following infection (SI Appendix, Fig. S4B ). The possibility that THP-1.2S had impaired IFNαR-mediated signaling was also excluded, as ISGs were significantly up-regulated in response to exogenous IFN (SI Appendix, Fig. S4C ). These subclones thus serve as exquisite tools to decipher the signaling requirement to overcome the early antiviral responses for successful ADE.
Early ISG Expression During ADE Is Independent of RIG-I/MDA5
Signaling. Differences in viral entry through ADE and DENV-2-only conditions could have resulted in different intracellular antigenic load and hence resulted in differential ISG expression in the subclones. To identify the specific signaling pathway responsible for early ISG induction in THP-1.2R during ADE infection, we titrated the multiplicity of infection (MOI) for DENV-2 only that resulted in equivalent level of infection as ADE (MOI 10) to serve as an antigenically equivalent control ( Fig. 2 A and B) . Interestingly, lower and higher plaque titers were observed in THP-1.2R and THP-1.2S, respectively, during ADE relative to DENV-2-only (MOI 60) conditions (Fig. 2C) , which corroborates the notion that THP-1.2R has reduced susceptibility to ADE. Immunofluorescence imaging showed nuclear translocation of pSTAT-1 at 3 h post ADE in THP-1.2R but not in THP-1.2S or during antigenically equivalent DENVonly infection (Fig. 2D ). This early nuclear translocation of pSTAT-1 is transient as little colocalization could be observed at 6 h postinfection.
With similar intracellular antigenic load in ADE and DENV-2-only conditions, we determined whether trafficking of DENV containing-phagosomes to cellular compartments enriched with pattern recognition receptors was an explanation for ISG induction in THP-1.2R. This was not the case as reduced expression of adaptor molecules [mitochondrial antiviral signaling protein (MAVS) and IFN regulatory factor 3 (IRF3)] of retinoic acid-inducible gene I (RIG-I)/melanoma differentiation-associated protein 5 (MDA5) resulted in significantly increased early DENV replication under DENV-2-only but not ADE conditions (Fig. 2E) . Reduced TIR-domain containing adapter-inducing IFN β (TRIF) did not result in significant change in DENV replication under either condition (Fig. 2E) . Collectively, these results indicate that the early induction of ISG in THP-1.2R is unique to infection under ADE condition and is not mediated by RIG-I/MDA5-dependent type-I IFN expression.
Early ISG Induction Is Mediated by Activating FcγR. The independence of ISG expression from RIG-I/MDA5-mediated signaling thus suggests that activating FcγR signaling (7) through spleen tyrosine kinase (Syk) activation (13) is critical in THP-1.2R. We thus quantified Syk activation by Western blot with densitometric measurements. Significant difference in Syk phosphorylation was observed as early as 10 min postinfection under ADE but not DENV-2-only conditions in THP-1.2R (Fig. 3A) . In contrast, no significant difference in Syk phosphorylation was observed under DENV-2-only and ADE conditions in THP-1.2S. Pretreatment of THP-1.2R with piceatannol, a Syk-selective tyrosine kinase inhibitor resulted in greater reduction of ISG expression under ADE conditions (Fig. 3B) and a correspondingly greater increase in DENV replication (Fig. 3C ) compared with DENV-2 only. Increase in DENV replication was also greater in THP-1.2R than THP-1.2S. These findings suggest that early ISG expression in THP-1.2R is conditioned upon activating FcγR signaling through phosphorylated Syk (7).
Coligation of LILRB1 Inhibits ISG Induction. As activating FcγR signals through immunoreceptor tyrosine-based activation motif (ITAM), we postulated that DENV coligates an immunoreceptor tyrosine-based inhibition motif (ITIM)-bearing receptor to inhibit Syk activation (14) in THP-1.2S. Examination of the gene expression data identified two such possible receptors. LILRB1 (also known as CD85j or Ig-like transcript-2) and LILRB4 were up-regulated preinfection in THP-1.2S relative to THP-1.2R (SI Appendix, Fig. S5A ). Flow cytometry analysis, however, showed that only LILRB1 (Fig. 3D and SI Appendix, Fig. S5B ) displayed higher surface expression on THP-1.2S. Because one of the effects of ITIM phosphorylation is the recruitment and phosphorylation of SHP-1 (15, 16), we measured phosphorylated SHP-1 in the two subclones. Higher pSHP-1 levels were found in THP-1.2S than THP-1.2R under ADE conditions (Fig. 3 E and F) , suggesting that pSHP-1 dephosphorylated Syk in THP-1.2S.
If LILRB1 is necessary for ADE, then antibody-opsonized dengue should coligate LILRB1. Indeed, all four DENV serotypes bind to LILRB1, more strongly with whole virus than with E protein ectodomain ( Fig. 4A and SI Appendix, Fig. S6A ), suggesting that LILRB1 binds to a quaternary structure-dependent epitope. Furthermore, the addition of soluble extracellular domain of LILRB1 (SI Appendix, Fig. S6B ) successfully competed with native LILRB1 on THP-1.2S to reduce ADE but not DENV-2-only infection in a dose-dependent manner (Fig.  4B) . As expected, soluble LILRB1 ectodomain did not alter the rate of viral entry as this receptor functions by modulating the antiviral state of the cell rather than increasing DENV entry (SI Appendix, Fig. S6 C and D) . Likewise, reduced LILRB1 expression in THP-1.2S resulted in reduced DENV replication under ADE conditions (Fig. 4C) , without altering the rate of viral entry (SI Appendix, Fig. S6E ). The lack of any change in DENV replication with FcγRIIB expression also reinforces the notion that subneutralizing levels of antibody are insufficient to aggregate DENV to coligate FcγRIIB (9) . Similar observations were made with knockdown of LILRB1 expression in another unrelated human myelogenous leukemia cell line, K562 (SI Appendix, Fig. S7) .
Conversely, overexpression of LILRB1 in THP-1.2R resulted in increased DENV replication under ADE conditions (Fig. 4D) . Quantitative densitometry of pSHP-1 levels under ADE conditions. Data are expressed as mean ± SD from three independent experiments. **P < 0.01, *P < 0.05.
As a control, we also overexpressed LILRB4, but this did not result in increased DENV replication. Critically, mutation of the four tyrosine residues in the ITIM tail to phenylalanine (SI Appendix, Fig. S8 ) abrogated the increased DENV replication (Fig. 4D) . Taken collectively, these findings indicate that DENV coligates LILRB1 to inhibit FcγR-activated early ISG expression for ADE. The mechanistic requirement for LILRB1 in ADE suggests that interfering with this pathway would abrogate ADE in primary monocytes. We studied CD14 hi CD16
− inflammatory monocytes that express both FcγRs and LILRB1 (SI Appendix, Fig. S9  A and B) , which form the majority of the circulating monocytes (17) . Indeed, pretreatment with sodium stibogluconate, a SHP-1 inhibitor resulted in a dose-dependent reduction in DENV-2 replication under ADE conditions (Fig. 4E) , with no significant reduction in primary monocyte cytotoxicity (SI Appendix, Fig. S9C ). Likewise, plaque titers following ADE infection of the other 3 DENV serotypes on primary monocytes obtained from different healthy donors were significantly lower in sodium stibogluconate treated cells compared with untreated cells (Fig. 4F) . Pretreatment of primary monocytes derived from peripheral blood mononuclear cells (PBMCs) from 12 different healthy human volunteers with anti-LILRB1 antibodies also resulted in significantly reduced DENV replication compared with isotype antibodies (Fig. 4G ).
Discussion
The ADE hypothesis has been widely used to explain the epidemiological association between secondary DENV infection and severe dengue (18, 19) . However, entry through the activating FcγR pathway would pose no replicative benefit to DENV unless it is able to overcome the ITAM-Syk-STAT-1 signaling axis that leads to ISG induction (7, 13) . The findings here thus indicate that coligation of LILRB1 is a critical first step for successful antibody-dependent DENV infection (SI Appendix, Fig. S10 ).
LILRB1 is expressed on monocytes, dendritic cells, and subsets of T and NK cells. Its natural function is to activate negative feedback mechanisms upon binding to major histocompatibility complex class I (MHC-I) molecules (20) . Consequently, it is conceivable that viruses exploit this pathway to create an intracellular environment more favorable for replication. Besides dengue, human cytomegalovirus (HCMV) also binds LILRB1 through the glycoprotein UL-18 to trigger an inhibitory signaling pathway that limits antiviral effector functions (21, 22) . Furthermore, increased LILRB1 expression in CD8 + effector T-cells is associated with reduced cytokine secretion and cytotoxicity in persistent HCMV and Epstein-Barr virus infections (22, 23) . It would be interesting to test if LILRB1-mediated suppression of immune signaling is also exploited by other viruses.
Coligation of LILRB1 by DENV during antibody-dependent infection suggests that LILRB1 polymorphism may influence outcome of infection. Previous studies have shown that this gene is highly polymorphic (24) and can be alternatively spliced (25) . However, a recent genome-wide association study did not reveal a significant association between LILRB1 and dengue shock syndrome (26); this is not surprising because, although LILRB1 activation is critical for initial replication with FcγR-mediated entry, multiple other host and viral factors contribute to eventual disease outcome.
Our findings also suggest that generation of antibodies to quaternary structure-dependent epitopes on DENV that block LILRB1 interaction can reduce ADE. That heterotypic antibodies can enhance dengue infection in FcγR-bearing cells represents a safety concern in the development of a dengue vaccine. Hence, a vaccine that can generate high-titer antibody that binds the quaternary structure-dependent epitopes on DENV to prevent LILRB1 ligation could reduce the risk of vaccine-induced ADE. Further studies would be needed to clarify this, although care must be taken in selecting a suitable in vivo model as the LILRB1 gene is deleted in laboratory strains of mice (27) .
In conclusion, DENV coligates LILRB1 to down-regulate the activating FcγR-mediated early ISG expression for successful antibody-dependent infection.
Materials and Methods
Cells. THP-1.2R and THP-1.2S were subcloned from THP-1 by limiting dilution. Primary monocytes were isolated from healthy donors and cultured as described (9).
Viruses. DENV-1 (06K2402DK1), DENV-3 (05K863DK1), and DENV-4 (06K2270DK1) are clinical isolates from the EDEN study (28) . DENV-2 (ST) is a clinical isolate from the Singapore General Hospital.
Virus Infection. Endotoxin-free (LAL Chromogenic Endotoxin Quantitation kit, Pierce) 3H5 and 4G2 chimeric human/mouse IgG1 antibodies were constructed as described (29) . DENV was incubated with media, antibodies, or serum for 1h at 37°C before adding to cells at indicated MOI. Uptake was assessed using DiD and Alexa 488-labeled DENV as described (9, 30) . For drug assays, cells were pretreated with piceatannol (Sigma-Aldrich) or sodium stibogluconate (Santa Cruz Biotechnology) 6 h before infection. Cell viability was assessed using CellTiter 96 AQueous One Solution Cell Proliferation Assay (MTS, Promega) according to the manufacturer's protocol. Subsequently, virus replication was assessed using quantitative PCR at indicated time points and plaque assay at 72 h postinfection. Protein and protein phosphorylation levels were assessed using Western blots and analyzed with ImageJ.
Microarray Analysis. Following RNA extraction, microarray was performed at the Duke-NUS Genome Biology Core Facility. cRNAs were hybridized to Illumina Human HT-12 v4 Beadchips, according to manufacturer's instructions. Data analysis was performed using Partek software and normalized against GAPDH.
Competition with Soluble LILRB1 Ectodomain. The extracellular portion of LILRB1 was cloned into pCMV-XL5 (Origene) and transfected into HEK293T cells for protein expression. The expressed proteins were then purified and incubated with DENV-2 or h3H5-opsonized DENV-2 for 1 h at 37°C before adding to THP-1.2S.
siRNA Transfection and Overexpression. siRNA transfections and overexpression were performed as described (9) . siRNA targeting FcγRIIB (Qiagen), LILRB1, MAVS, IRF3, and TRIF (SABio) were used, and overexpression studies were performed with either empty plasmid, plasmid encoding LILRB1 or tyrosine mutant LILRB1, or LILRB4.
